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Abstract: The future runs of LHC offer a unique opportunity to measure correlations
between two partons inside the proton, which have never been experimentally detected.
The process of interest is the production of two positively charged W-bosons decaying in
the muon channel. We present a detailed analysis of proton-proton collisions at
√
s =
13 TeV, where we combine Monte Carlo event generators with our calculations of parton
correlations. We carefully compare double parton scattering to relevant background pro-
cesses and trace a path towards a clean signal sample. Several observables are constructed
to demonstrate the effect of parton correlations with respect to clear benchmark values
for uncorrelated scatterings. We find that especially spin correlations can be responsible
for large effects in the variables we study, because of their direct relation with the parton
angular momentum and, therefore, the directions of the muon momenta. We estimate the
significance of the measurements as a function of the integrated luminosity and conclude
that the LHC has the potential to detect, or put strong limits on, parton correlations in
the near future.
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1 Introduction
Double parton scattering is the simultaneous collision of two pairs of mutually correlated
partons in two independent hard interactions. Double parton scattering (DPS) carries re-
semblance with, but differs from, the much more common single parton scattering (SPS).
Since two partons inside one proton are related, they cannot be treated as independent free
partons. The amount of inter-parton correlations in DPS is unknown and, to a large extent,
so are its consequences. It is the purpose of this article to demonstrate the experimental im-
plications that parton correlations can have on experimental observables and pave the way
to explicit measurements of the degree to which two partons in a proton are interconnected.
In order to reach this goal, we delve into the details of proton collisions at center-of-
mass energy
√
s = 13 TeV producing equally (positively) charged W -bosons, referred to
as same-sign W-boson (SSW) production. Once enough statistics is collected at the LHC,
this process will be one of the best probes of partonic correlations and of double parton
scattering in general [1–9].
The theory of DPS has seen rapid developments in the last decade, and it is fair to
say that factorization into hard scatterings and parton distributions is now on a similar
footing as in SPS [10–12]. A formalism has been developed to simultaneously treat the
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cross section contribution from DPS and SPS without double counting [13]. The theoretical
developments have been accompanied by a large increase in the number of measurements
of DPS, see e.g. [14–35]. Advancements in these measurements, which are possible due to
the increased statistical power, will enable the study of correlations in DPS. In particular,
the LHC is now reaching integrated luminosities large enough to probe the SSW process
and recently first experimental observations of DPS in the SSW final state have been made
[29, 35].
Since the early stages of the DPS theory, the presence of kinematical and quantum
correlations between two partons has been acknowledged as an intrinsic consequence of the
composite structure of hadrons [36–38]. However, until recently parton correlations have
largely been ignored, either because they were considered to be quantitatively unimportant,
or, more likely, the contact with experiments was out of reach. Thanks to the opportunities
given by the LHC, a renewed interest towards correlations in DPS flourished, and substan-
tial work has been put in their theoretical formulation and modeling, see e.g. [39–43] and
references therein. Quark model calculations show strong correlations in the valence region
[44–52] but give limited information about the region of small momentum fractions, where
DPS predominantly occurs. Such strong correlations were found also in a calculation of
electron-positron double parton distributions (DPDs) [53]. Sum rule improved DPDs also
induce correlations between the kinematical variables [54–56]. Kinematical correlations in
the production of SSW were studied in [2, 8]. The generation of correlations by single to
double parton splitting has been investigated by several groups [43, 57–61]. Despite being
suppressed in SSW production, the splitting can give significant contributions to the cross
section [62]. The SSW cross section, including correlations, was derived in [63].
Regarding quantum correlations, while for instance color effects are Sudakov-suppressed
at high energy [64, 65], spin correlations can remain sizable after evolution from smaller
to larger scales [66]. The polarized contributions can be constrained by positivity bounds
[67, 68], which have similar theoretical status as positivity constraints on single parton
distributions (PDFs). In [69] the correlations between the spin of the two partons were
first quantitatively connected to an observable cross section, but no clear observable for
their detection was found.
In the previous letter [70], we demonstrated that the effect of spin correlations can be
measured in some observables of SSW production. With the present paper we extend and
complement that analysis. Our work quantifies the impact of different types of correlations
in DPS, identifies observables which are particularly suited for their measurement, and
provides extended discussions on how to, in a practical way, treat the backgrounds.
The structure of the paper is as follows: Section 2 briefly presents the framework em-
ployed to study the production of SSW, such as the factorized cross-section, while Section 3
contains a description of the various models used to include kinematical and spin corre-
lations. In Section 4, the different correlation scenarios are explored at the level of the
partonic cross section. Since we want to reach a realistic description of the results at the
LHC, we devote Section 5 to an extended discussion on how to suppress the background
and obtain a clean signal. We get to the heart of correlation measurements in Section 6,
where we show the effects of correlations on several variables and estimate the feasibility
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for the detection of correlations at the LHC. In particular, the same observables studied in
Section 4 are calculated after the successful suppression of the background and the identi-
fication of a suitable phase-space region. Finally, Section 7 underlines potential problems
deriving from neglecting correlations while measuring DPS cross sections, and in Section 8
we discuss what conclusions can be drawn from the results.
2 DPS production of same-sign W-boson
We analyze the effect that different types of inter-parton correlations have in the production
of two W+ bosons through DPS at the LHC. Among the various kinds of correlations
accessible in DPS, we focus on the quantum correlation between the spin of the partons
and the kinematic correlations between their momentum fractions. We neglect other sources
of correlations, such as color correlations (shown to be Sudakov suppressed [11, 37, 65]),
and the effect of flavor and fermion number interference, see e.g. [40].
The signature of the process is the detection of two positively charged muons (or
electrons) µ+ in the final state as the result of the leptonic decay of each W+, and missing
energy due to the invisibility of the neutrinos. We study the tree-level results from quark-
antiquark annihilation for the flavors u, d, c, s. Each hard process is then of the kind:
qq¯ →W+ → µ+νµ. (2.1)
The active quarks can be unpolarized (q) or in a definite polarization state (longitudi-
nal polarization ∆q). The cross section of the SSW process in DPS, in presence of spin
correlations, reads [71]:
dσ∏2
i=1 dηidkTi
2dηνi
=
(
4pi
s
)2 1
C
∑
q1q2q3q4
Kq1q¯3Kq2q¯4
×
{(
ω−1 ω
−
2
)2 ∫
d2y(fq1q2 + f∆q1∆q2)(f¯q¯3q¯4 + f¯∆q¯3∆q¯4)
+
(
ω−1 ω
+
2
)2 ∫
d2y(fq1q¯4 − f∆q1∆q¯4)(f¯q¯3q2 − f¯∆q¯3∆q2)
+
(
ω+1 ω
−
2
)2 ∫
d2y(fq¯3q2 − f∆q¯3∆q2)(f¯q1q¯4 − f¯∆q1∆q¯4)
+
(
ω+2 ω
+
2
)2 ∫
d2y(fq¯3q¯4 + f∆q¯3∆q¯4)(f¯q1q2 + f¯∆q1∆q2)
}
,
(2.2)
where ω±i = 1 ± tanh
(
1
2(ηi − ηνi)
)
. The quantities ηi, ηνi , and kTi are the rapidity of the
produced muon, rapidity of the neutrino and transverse momentum of the muon from hard
interaction i. C is a symmetry factor which is set to 2 because of the indistinguishability of
the final states from the two hard interactions. Kqiq¯j encodes the dependence on coupling
factors, the width of the W -boson etc. and is given in Appendix A.
The expression involves two different DPDs, the unpolarized (fqq) and longitudinally
polarized (f∆q∆q) distributions for quarks and antiquarks. Transverse quark polarization
does not contribute due to the left-handed (right-handed) nature of the coupling between
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the W -boson with quarks (antiquarks). The mixed spin configurations (e.g. fq∆q) are not
allowed because of the parity conserving nature of QCD. The inclusion of the longitudinally
polarized distributions contributes to a change in both the magnitude and shape of the
final-state distributions. The direct effect of polarization on the distributions of final-state
particles through the hard cross section is a feature of polarization in DPS not shared with
the other correlations. It originates in the difference in angular momentum between particles
in different spin states. The arguments of the distributions read fab(x1, x2,y;µ1, µ2) and
f¯ab(x¯1, x¯2,y;µ1, µ2), where xi, x¯i are the longitudinal fractions of momentum of the partons
a and b. y is the separation in the transverse plane between the two hard scatterings, and
µi is the renormalization scale related to parton i
1. For the SSW process, the natural choice
for the renormalization scales is the hard scale of the individual interactions, i.e. the mass
of the W-boson, µ1 = µ2 = Q = mW .
In order to focus on the spin and longitudinal momentum correlations, we will assume
factorization between the longitudinal and transverse dependences, with the y-dependent
profile G(y) independent of flavor, parton type, and longitudinal momenta, such that:
fab(x1, x2,y;Q0) = gab(x1, x2;Q0)G(y), (2.3)
where ∫
d2yG2(y) = σ−1eff . (2.4)
The factorization (2.3) eliminates all possible correlations between momentum fractions
and transverse separation. If one further assumes that the xi-dependent function g is equal
to the product of two single parton distributions (PDFs), one arrives at the definition
of σeff often used in DPS phenomenology and extracted experimentally. In spite of the
fact that the DPDs entering the proper factorization theorems for DPS cannot be formally
factorized as in (2.3), see [11], and the limitations from ignoring the transverse-longitudinal
kinematical correlations, see [45–47, 56, 66, 72], the effective cross section σeff can be useful.
In particular, eq. (2.3) allows us to single out the different effects of longitudinal kinematical
correlations in the various observables.
Given an expression for the DPDs at an initial low energy scale Q0 we implement (un-
polarized and polarized) double DGLAP evolution equations (dDGLAP) up to a maximum
mass scale given by the mass of the produced particle, i.e. Q = mW [73, 74]. We implement
dDGLAP as two independent evolutions, one for each parton, with the kinematical con-
straints x1 +x2 ≤ 1 and x¯1 + x¯2 ≤ 1, see e.g. [66]. These constraints alone already introduce
kinematical longitudinal correlations, which are investigated in the following sections. We
neglect the contribution from 1 → 2 splitting [13], as this is suppressed for SSW produc-
tion. However, a significant effect on the total cross section has been found in [62], prior to
imposing phase-space cuts to eliminate the SPS contribution. We expect that these types
of cuts largely reduce also the splitting contribution of DPS, but it would be interesting to
further quantify this statement through a dedicated investigation.
1When not needed, the explicit dependence on the renormalization scale is omitted.
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3 Models of double parton distributions
To investigate parton correlations in the DPS cross section, we implement different models
for the DPDs at the initial scale Q0. The different DPDs are then evolved up to the hard
scale of the W -boson mass and used as input to the cross section formula (2.2). While
presenting the four main DPD models we use for studying correlations, we include, for
completeness, the case where correlations are entirely absent.
No correlation
If all correlations are removed, at all scales, one can factorize the dependence on x1 and x2
in eq. (2.3). In this case, the DPDs are given by:
fab(x1, x2,y;Q) = fa(x1;Q)fb(x2;Q)G(y), (3.1)
where fa(x,Q) is the PDF from single parton scattering for the parton a. In the absence
of correlations, the single PDFs evolve separately with the unpolarized single DGLAP
evolution equations. The factorized form (3.1) is then valid across all energy scales, and
the (separate) evolutions of the two single PDFs do not create correlations. One should
bear in mind that imposing separately x1 < 1 and x2 < 1, as on the right-hand side of
eq. (3.2), does not ensure x1 + x2 < 1, as required by momentum conservation when the
two partons come from the same parent hadron. We will not include the “no correlation”
scenario in our numerical results.
Minimal correlation
The DPDs are modeled as the product of single PDFs at an initial scale, that is:
fab(x1, x2,y;Q0) = fa(x1;Q0)fb(x2;Q0)G(y), (3.2)
meaning that all kinds of correlations are set to zero at the initial scale Q0. Eq. (3.2) is
not valid at any scale different from Q0. Correlations between the longitudinal momenta
of the partons arise as the result of the double DGLAP evolution equations. We use this
scenario as a baseline for our analysis and call it “minimally correlated”, to point out that
correlations cannot in principle be erased in DPDs. However, the correction introduced
by the unpolarized double DGLAP evolution compared to two DGLAP evolution kernels
is minimal in the kinematical region we are interested in, and the minimally correlated
scenario is quantitatively equivalent to the uncorrelated one for our level of accuracy. The
cross section σmin-corr is given by eq. (2.2) where the polarized DPDs are set to zero.
Positive polarization
In this scenario we include parton polarization by using polarized distributions which in-
dividually saturate the positivity bounds. Setting all the other polarized DPDs to zero,
the positivity bound on the longitudinally polarized DPDs is |f∆q∆q| ≤ fqq. Saturating
this bound leads to polarized distributions equal to the unpolarized ones at the initial
scale [66, 67], i.e.:
f∆a∆b(x1, x2,y;Q0) = fab(x1, x2,y;Q0) = f(x1;Q0)f(x2;Q0)G(y). (3.3)
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The factorized form (3.3) is valid only at the initial scale, while at higher scales the polarized
double DGLAP evolution equation introduces the correlations as previously described.
The kernels that govern the evolution of the polarized DPDs are responsible for a relative
decrease of the polarized DPDs for values of Q larger than the initial scale Q0. Therefore,
the amount of polarization is maximal at Q = Q0 and decreases towards higher values of
Q. The cross section σpos-pol is given by the full expression in (2.2).
Mixed polarization
The positivity bound only limits the modulus of the polarized distributions, allowing for
any combination of signs separately for each set of partons. To explore the sensitivity to
these signs, we consider polarized distributions which include a mixture of positive and
negative distributions. Specifically, in this scenario we individually saturate the positivity
bound at the initial scale with a negative sign when the two selected partons are both
quarks or antiquarks and with a positive sign when the pair is composed by one quark and
one antiquark [70]. Namely:
f∆a∆b(x1, x2,y;Q0) = (−1)nfab(x1, x2,y;Q0) (3.4)
where n = 1 if ab = qq, q¯q¯, and n = 2 otherwise. The cross section σmix-pol is given by the
full expression in eq. (2.2).
Longitudinal correlations
Longitudinal kinematical correlations are explicitly introduced in this scenario. The product
of single PDFs used as initial ansatz is corrected by an xi-dependent factor, to account for
the kinematical constraint of double parton scattering as explained in [56]. The factorized
form (3.2) is no longer valid at the initial scale because of a xi-dependent global factor:
fab(x1, x2,y;Q0) = fa(x1;Q0)fb(x2;Q0)Xcorr(x1, x2)G(y), (3.5)
where Xcorr(x1, x2) = (1 − x1 − x2)(1 − x1)−2(1 − x2)−2. In this case, the longitudinal
correlations are present at the initial scale thanks to the explicit factor, and they travel
towards smaller momentum fractions during evolution. The cross section σlong-corr is given
by (2.2) with the polarized distributions set to zero.
4 DPS parton level results
Here, we present the results derived from a calculation of the interaction of point-like
partons in pQCD convoluted with the DPDs, according to the factorization theorem for
DPS [12, 57]. We refer to this part of the analysis as parton level (PL).
We set the initial scale for the models of the DPDs to Q0 = 1 GeV and implement
(unpolarized and polarized) double DGLAP evolution (dDGLAP) to a final scale Q = mW .
Q0 should be a low scale, chosen around the scale where perturbative calculations start to
be valid. The reason for this is that, once the positivity bounds are saturated at Q0, they
will be satisfied at all larger scales, but will typically be violated if perturbation theory
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is used to evolve the DPDs down to lower scales. The single parton PDFs we use are the
leading-order MSTW2008lo distributions [75]. A change of the single PDF-set used does
impact the DPDs, in particular the gluon distributions [66]. However, as we point out
below, while discussing the correlation sensitive variables, the qualitative results of our
analysis are fairly stable to this change. We set
√
s = 13 TeV and σeff = 15 mb, which is
in the range extracted by the CMS collaboration in SSW production [29, 35]. One should
be careful not to over-interpret this quantity, as it has several shortcomings which will be
discussed further in Section 7.
The parton level results of this section are calculated using the following phase-space
cuts (“Baseline Selection”):
4 GeV ≤ kTi ≤ 45.5 GeV, |ηi| ≤ 3.3. (4.1)
The constraint kTi ≤ 45.5 GeV does not affect the results, as the amount of the cross section
at larger transverse muon momentum is negligible. The range of ηi is chosen wider than the
typical experimental acceptance at the LHC, and the selection serves as a starting point for
the study of final-state distributions in Section 5, where the cuts are tightened to match the
current detector ranges. The cross section is calculated with numerical integration using
the Vegas algorithm within the Cuba Library [76] and the four scenarios are normalized
to the value of σmin-corr (1.74 fb) at the parton level. The reason for this normalization
is that we want to stay as close as possible to the available experimental information on
σeff, which is typically based on the assumption of uncorrelated or weakly correlated DPS
events.
The cross section differential in the rapidity and transverse momentum of one of the
muons is shown in Fig. 1. The distributions of µ1 (muon from hard interaction 1) and
µ2 (muon from hard interaction 2) are equivalent, as we do not impose any hierarchy in
magnitude between the hard scales. The labeling is of course purely theoretical, as no
experimental distinction between the two detected muons can be made.
The kT1-distributions in Fig. 1(a) are all peaked around the value kT1 = mW /2. The
cross section value, for all the curves, decreases by nearly two orders of magnitude from
the value at the peak and kTmax = 45 GeV. The situation is different for the rapidity
distribution in Fig. 1(b), for which the rapidity range selected in (4.1) leaves out a non
negligible portion of the cross section. The rapidity distribution is symmetric under ηi →
−ηi, as expected upon noticing that the cross section formula (2.2) is invariant under this
exchange. The maximum values of the cross section are reached at η1 ∈ [1.5, 2.5] with
small differences between the different scenarios. For all curves, the cross section decreases
both towards central and peripheral values of the rapidity interval. The lower panel of
the figures shows the ratio of the three correlated scenarios to the min-corr result, i.e.
Rmin-corr = dσcorr/dσmin-corr. This ratio gives a clear demonstration of the extent to which
the shapes of the distributions depend on the partonic correlations.
We now turn into the analysis of variables which are particularly correlation sensitive.
Fig. 2 shows the double differential cross section with respect to η1 and η2, dσ/dη1dη2, for
the four scenarios. As expected, when correlations are absent the distribution is symmet-
ric in all four quadrants (a). There are some slight deviations from this symmetry when
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Figure 1: The distributions of the muon transverse momentum and rapidity for the dif-
ferent models. The distributions for µ2 are identical and are not shown. The ratio Rmin-corr
shows the comparison of different models to the min-corr scenario.
longitudinal correlations are introduced (b), and the symmetry is largely distorted in the
presence of polarization (c and d). The two polarized scenarios lead to opposite effects.
The pos-pol (mix-pol) model increases the rate of muons produced in the same (opposite)
hemisphere.
A less differential version of this observation is represented by Fig. 3(d), where we
display the distribution in the rapidity product dσ/d(η1η2). The curves are symmetric
with respect to the axes η1η2 = 0 when correlations are absent and asymmetric in the
correlated cases. All four scenarios have a similar shape when the two muons are produced in
opposite hemispheres (i.e. η1η2 is negative), and a shape dependence is turned on when the
product approaches zero. Such a separation of the phase space into portions corresponding
to different signs of the rapidity product allows us to identify the amount of the cross section
corresponding to measurements of muons detected in the same hemisphere of the detector
(σ(η1η2 ≥ 0)) or opposite ones (σ(η1η2 ≤ 0)). This separation is extremely convenient
because it further translates into a number that measures this unbalance, namely:
A =
σ(η1η2 < 0)− σ(η1η2 > 0)
σ(η1η2 < 0) + σ(η1η2 > 0)
. (4.2)
The asymmetry must be exactly zero when correlations are absent, as clear from eq. (2.2),
whereas any deviation from zero will be a sign of correlations. The questions whether a
significant deviation from zero can be detected and which kind of correlations are the best
candidates for producing such a distortion will be discussed in Section 6. Another advantage
of this variable is that the values obtained for each scenario are stable under certain crucial
modifications, for instance the change of the initial scale of the models Q0, the PDF set used
and the specific value of σeff. These are all sources of uncertainty that can, however, affect
the magnitude of the cross section and, therefore, the significance of a measurement of A
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Figure 2: Double-differential distributon for rapidity of the two muons, with cuts as
in (4.1). Top left: minimally correlated scenario. Top right: longitudinal correlation. Bottom
left: positive polarization. Bottom right: mix polarization.
(see Section 6). The first row of Table 2 shows the values of the variable A for the Baseline
Selection at PL. The largest asymmetry is obtained with the mix-pol model, which favors
the production of muons in the opposite direction rather than in the same hemisphere,
indicated by a positive value of A. A very small positive asymmetry is obtained in the
longitudinal correlation case, while this quantity is almost zero for the min-corr scenario,
confirming that it effectively represents the absence of correlations. A negative asymmetry
is instead obtained for the positive polarization, where the cross section moves towards
positive values of η1η2 (see Figures 2 and 3(d)).
Correlations can also manifestly shape the distribution of the sum and difference of
muon rapidities. After defining Ση = |η1 + η2| and ∆η = |η1 − η2|, we show the differential
cross sections dσ/dΣη and dσ/d∆η in the upper part of Fig. 3.
The rapidity difference only shows some dependence on the model and, therewith,
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Figure 3: Upper panels: distributions of the muon rapidity sum Ση (top left) and difference
∆η (top right) for the different models. Lower panels: distribution of the ratio between the
sum and difference of rapidities versus the values of Ση and ∆η respectively in the relevant
ranges (bottom left) and the product of the muon rapidity for the different models (bottom
right). The ratioRmin-corr shows the comparison of different models to the min-corr scenario.
the different correlations. The two polarized scenarios have opposite effects on the shape,
where mix-pol gives rise to a somewhat broader distribution while pos-pol results in a
more steeply falling spectrum. For the rapidity sum, the pattern is inverted and mix-pol
(pos-pol) results in a more narrow (broader) distribution. In both cases, the effect of the
long-corr scenario is mild. Different scenarios lead to different values for the slopes of the
linear fit to the curves. We denote Slin (Ση) and Slin (∆η) the result of the linear slope fit
for the sum and difference of the rapidity distributions respectively and show the values
in Table 2, see the rows corresponding to the Baseline Selection at PL. Similarly to the
asymmetry, the measurements of the slopes can discriminate correlations in double parton
scattering, although in a less clear way than the asymmetry A, since the baseline value for
– 10 –
1
η
3− 2− 1− 0 1 2 3
2ηd 1η
/d
σd
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065
0.07
0.075
min-corr
 < -3.0
2
η -3.3 < 
 < -2.1
2
η -2.4 < 
 < -0.3
2
η -0.6 < 
 < 3.0
2
η 3.3 < 
 < 2.1
2
η 2.4 < 
 < 0.6
2
η 0.3 < 
(a)
1
η
3− 2− 1− 0 1 2 3
2ηd 1η
/d
σd
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065
0.07
0.075
long-corr
 < -3.0
2
η -3.3 < 
 < -2.1
2
η -2.4 < 
 < -0.3
2
η -0.6 < 
 < 3.0
2
η 3.3 < 
 < 2.1
2
η 2.4 < 
 < 0.6
2
η 0.3 < 
(b)
1
η
3− 2− 1− 0 1 2 3
2ηd 1η
/d
σd
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065
0.07
0.075
pos-pol
 < -3.0
2
η -3.3 < 
 < -2.1
2
η -2.4 < 
 < -0.3
2
η -0.6 < 
 < 3.0
2
η 3.3 < 
 < 2.1
2
η 2.4 < 
 < 0.6
2
η 0.3 < 
(c)
1
η
3− 2− 1− 0 1 2 3
2ηd 1η
/d
σd
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06
0.065
0.07
0.075
mix-pol
 < -3.0
2
η -3.3 < 
 < -2.1
2
η -2.4 < 
 < -0.3
2
η -0.6 < 
 < 3.0
2
η 3.3 < 
 < 2.1
2
η 2.4 < 
 < 0.6
2
η 0.3 < 
(d)
Figure 4: Double-differential distribution for rapidity of the two muons plotted for fixed
value of η2. Different scenarios are plotted in separate panels as indicated in the figures.
the uncorrelated scenario is uncertain.
In fact, the shapes of the cross section in these variables depends on the details of the
models used for the double parton distributions even for the uncorrelated scenario. For
example, changing the single PDFs at the starting scale, can impact the spectrum. Since
we are hunting for correlations, this type of dependence on the uncorrelated cross section
can be problematic. One way to circumvent this issue experimentally is to construct the
DPS uncorrelated distribution directly from measured single W production. However, this
of course still induces some remaining uncertainties. Here we follow an alternative path,
and construct variables where we can make exact predictions of the uncorrelated result and
therewith a more direct access to the correlations.
In absence of correlations, the cross section distribution in the sum and difference of the
muon rapidities have to be exactly equal. This is due to the symmetry of the cross section in
changing the sign of one of the rapidities (e.g. η2 → −η2) while keeping the other one fixed.
Keeping the decay of the W ’s fixed, this would be induced by a change in the momentum
factions probed in the two DPDs f(x1, x2,y)f(x¯1, x¯2,y)→ f(x1, x¯2,y)f(x¯1, x2,y). For two
uncorrelated events, where the DPDs can be expressed in terms of PDFs, the two sides
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Figure 5: The distribution of the asymmetry (4.3) as a function of the second muon
rapidity.
are equal. When longitudinal correlations between the partons are induced, this symmetry
can be broken. Moreover, this symmetry is directly violated in the partonic cross section
in (2.2) when including the polarized contribution.
A useful variable to consider in order to exploit such information and simultaneously
minimize the effect of unknown factors, is the bin-by-bin ratio between the sum and dif-
ference distributions. This variable is displayed in Fig. 3(c), the linear slope of the curves
is indicated as Slin(Ση/∆η) and its values are reported in the last row of Table 2. This
ratio, in case of uncorrelated DPS, has to be constant and equal to one. Fig. 3(c) shows
a very strong dependence on the different scenarios. The min-corr is, as expected, close to
unity in the entire range. The long-corr scenario results only in tiny deviations from one.
However, the two polarized scenarios differ from unity and from one another. The pos-pol
scenario gives an increasing curve, while mix-pol leads to a relatively steeply falling result.
This is naturally to be expected, as the two changes induced by these scenarios in Figures
3(a) and (b) enhance one another in this cross section ratio.
Naturally the complete information on the rapidity distributions is already contained
in the double-differential distributions. If one had such a two-dimensional distribution
available, the one-dimensional distributions dσ/dΣη and dσ/d∆η could be obtained by
summing all the events on the slices Ση = ∆η = const in the relevant ranges, i.e. along
lines parallel to the bisector of the first and third quadrants (∆η = const) or the second and
fourth quadrants (Ση = const). Similarly, the asymmetry (4.2) would simply be given by
the sum of all the events in the second and fourth quadrants (opposite hemisphere) minus
those in the first and third quadrants (same hemisphere), normalized to be a fraction of
all events.
To conclude the discussion of the piece of information that follows from the double-
differential distribution of the muon rapidities, we now present another variable that in-
volves changes in the rapidity distributions. We construct a one-dimensional distribution
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obtained by rapidity slicing, i.e. looking at the two-dimensional variable dσ/dη1dη2 for
fixed interval of η2. The situation is displayed in Fig. 4, where the different curves are ob-
tained by varying the interval of η2, and the different scenarios are represented in separate
panels for clarity. Once again, correlations create an asymmetric pattern, leading to lines
that change their shapes when the η2 slices change. As previously explained, interchanging
η2 → −η2 must leave the distribution unchanged if correlations are not present, a fact that
is also visible from Fig. 2(a), upon noticing that the variable we are interested in is ob-
tained by slicing the two-dimensional distributions using lines η2 = const. In the min-corr
scenario of Fig. 4(a) all the curves are equal, up to normalization, for different slices of η2.
The situation is slightly modified by the longitudinal correlations in Fig. 4(b), whereas any
symmetry is lost for the polarized scenarios 4(c) and 4(d), with a shift in opposite direc-
tion, as expected from Fig. 2. We can construct a variable that summarizes the previous
information and allows us to visualize this unbalance:
dAS
dη2
=
dσ(η1 > 0)
dη2
− dσ(η1 < 0)
dη2
, (4.3)
displayed in Fig. 5. The curve of the uncorrelated scenario is expected to be constantly
zero over the entire range of η2, by the definition (4.3). This is true for the line of min-corr
scenario, that is our proxy for uncorrelated physics, it slightly deviates from zero for long-
corr, and it becomes outstandingly different from a constant zero curve in the presence of
polarization.
5 DPS hadron level results with physics background
In this section, we embed the parton level results on parton correlations into the study
of the hadron level (HL) distributions using general-purpose Monte Carlo generators. For
the study of the effects of correlations in the final states, it is actually crucial to deal
directly with individual events rather than with calculated distributions. This step allows
us to include the full Underlying Event surrounding the actual process and to better model
the measurable distributions of the leptons, taking into account initial- and final-state
radiations. Another reason for this procedure is to prepare a more realistic definition of the
kinematic region where the signal process is enhanced and measurable with respect to the
physics background processes.
5.1 Signal process
The double parton scattering process producing two positively charged W bosons decay-
ing in the muon channel is obtained using the generator Herwig 7.1.2 [77, 78], which is
fully capable of generating double W events. We utilized the possibility of accessing the
information about the outgoing leptons directly from the matrix element (i.e. at PL) before
corrections are applied on their momenta. Our method for preparing the hadron level event
datasets is based on a re-weighting procedure, as shortly explained below. As a result, we
obtain a perfect correspondence between the theoretical PL results of Section 4 and the
PL results generated by the reweighted Herwig for all the correlation scenarios.
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Figure 6: The distributions of the final-state muon transverse momentum and rapidity for
the different models. The distributions for µ2 are identical (except the one for H7 model).
The ratio Rmin-corr shows the comparison of different models to the min-corr scenario.
We initially calculate the partonic cross section differential in four variables (kT1 , kT2 ,
η1, and η2), with the methods of Section 4 using the different DPD models (see Section 3).
We divide the phase-space region (4.1) into almost half a million subregions with unequal
sizes. The same four-dimensional quantity is then obtained from the event generator and
compared to the theoretical results at the parton level. According to this comparison,
we appropriately change the default weights of the Herwig events. After the event re-
weighting, the distributions generated by Herwig at the PL are identical to the ones we
have calculated for each correlation scenario. This validates the procedure of re-weighting,
which has been found sufficient and fully reliable. At the hadron level, the re-weighted
Herwig events represent the same events as if they were generated according to our model
of parton interactions and correlations.
In order to demonstrate the quantitative effect of the Monte Carlo generator on the
studied distributions, i.e. the differences between parton (PL) and hadron level (HL) dis-
tributions, we keep the events which satisfy the phase space (4.1) at PL and apply similar
criteria to HL muons too. Only the upper limit on muon transverse momentum is removed
for the HL selection. In essence, the main effect we observe is the smearing of the sharp
kT peak into a broader distribution, evident from the comparison of Fig. 1 and 6. We have
to point out here that we show this comparison despite the fact that there might be a
few events missing in the HL distributions due to the blocked event migration in the way,
where events that do not fit into PL cuts actually might satisfy HL cuts. We quantify this
inconsistency to a level below 2 per cent of the total cross section.
At this point, we would like to mention more technical details about the event genera-
tion. In its default setting, Herwig does not produce entirely independent hard scatterings,
since there are several mechanisms that guarantee the validity of the conservation laws.
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Figure 7: The distributions of the transverse momentum of the leading (a) and sub-leading
(b) muon. The signal contribution to the total yield is drawn at bottom to optically capture
its shape.
As a result, the secondary process is statistically slightly softer than the primary process.
Therefore, we have to perform the re-weighting procedure for all types of correlations, in-
cluding the min-corr model, which is our reference for uncorrelated physics. For further
comparison, two additional types of Herwig events have been prepared, labeled as H7 and
H7 mix. The H7 events are obtained using a default settings, while H7 mix events are pre-
pared through the merging of two random single W events. The numerical results related to
the events H7 and H7 mix are shown in the third and fourth column of Table 2, including
the values for the different variables and phase-space cuts. Taking the asymmetry A as
our principal indicator of correlations (any deviation from zero is a sign of correlation), we
notice that the default setting H7 results into an asymmetry of 0.01, which is actually quite
large (the same task was performed, for comparison, using Pythia 8.235 [79, 80], and an
asymmetry of 0.02 was obtained). On the contrary, even though Herwig produces muons
with slightly different distributions of transverse momentum and rapidity, see Fig. 6, the
final value of the asymmetry A is exactly zero for the H7 mix sample. In a more global view,
the computational corrections of the full event generator to the PL muons do not affect
the variables of interest more than 3% (see Table 2 and compare selections “Baseline PL”
and “Baseline HL”) and, thus, the distortions introduced by correlations are not simply
washed out.
5.2 Background processes
In this subsection, we turn to the analysis of the processes whose signature contains a pair
of positively charged muons, which constitute the relevant background to SSW production,
and we identify the phase-space region suitable for correlation measurements.
The major contributions to the background of same-sign muon-pair production come
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Figure 8: The distributions of the rapidity of the leading (a) and sub-leading (b) muon.
The signal contribution to the total yield is drawn at bottom to optically capture its shape.
from SPS processes such as diboson production and heavy flavor production, the latter
represented here by the (dominant) tt¯ process. For other detector-related backgrounds,
such as single Drell-Yan process, where one of the muon charges is mis-measured, we do
not provide any quantitative prediction and assume them negligible.
The SPS production of a pair of gauge bosons is the most direct background process.
We distinguish three types of processes: ZZ, WZ and same-sign WW , where Z stands
for both Z boson and virtual photon. The same-sign WW in SPS production is strongly
suppressed by the presence of two additional strong vertices at the lowest order diagram
and we denote it as WWjj process. In the tt¯ process, one lepton is generated in the first
top decay, and another lepton, with the same sign, typically arises from a bottom quark
emitted by the other top quark. Since we aim to remove these types of events as much as
possible, there is no real need to go through all possible flavors, as the top quark has the
largest chance to produce a hard muon. Diboson samples were obtained via a combination
of MadGraph5 aMC@NLO at LO [81] and Pythia 8.223, whereas the tt¯ data sample was
obtained using Herwig 7.1.2.
The Baseline Selection (4.1) is a theoretical landmark needed to set the stage for
a more realistic analysis of same-sign di-muon events. Actually, LHC-based experiments
plan to expand their inner tracker acceptance far behind the current value of 2.5 in rapidity
[82, 83]. This acceptance enlargement would make our Baseline Selection potentially more
realistic for future experimental measurements and might provide an excellent opportunity
to measure correlations, as shown in Section 4. However, in the following we restrict our
event selection to mimic the acceptances of the ATLAS [84] and CMS [85] detectors (current
state), which have the potential to perform the suggested measurements at present or near
future. The aim is to obtain data as signal-pure as possible, unlike the latest W-pair DPS
measurement by CMS [35], whose aim was to measure the total DPS cross section.
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The first step towards the identification of an optimal phase-space region for the sig-
nal, in the current experimental set-up, is to limit the absolute values of the rapidity of
muons to a maximum of 2.4, which is the acceptance of the trigger chambers of the muon
spectrometers. Further, one needs to increase the minimal threshold of muon transverse
momenta up to 15 GeV, and secure the basic spatial separation of muons. We also apply
an upper limit on the muon transverse momenta in order to additionally isolate the signal.
We follow the CMS strategy and veto events with a third muon with transverse momentum
larger than 5 GeV. The last set of cuts suggests to use also hadron calorimeters to restrict
the energy of Underlying Event jets from above and missing energy from below. Jets are
defined using the default anti-kT algorithm of FastJet [86] with a pseudo-radius R = 0.4.
Let us note here that the experimentally measured muons cannot, of course, be iden-
tified as “first” and “second” muon, as in Section 4, since the information on their origin
is unaccessible. From this moment, we will identify the measured muon pair as composed
by a leading (µlead) and a sub-leading (µsubl) muon, i.e. the hardest and second hardest
muons measured respectively, whenever meaningful. Otherwise, we keep indices 1 and 2 for
simplicity.
To summarize, our kinematical cuts labeled as Final Selection are:
|ηi| < 2.4 , 25 GeV < kleadT < 50 GeV , 15 GeV < ksublT < 40 GeV , kµ3T < 5 GeV ,
/ET > 20 GeV , dR(µ1, µ2) > 0.1 , k
jet1
T < 50 GeV , k
jet2
T < 25 GeV , (5.1)
where ηi is the rapidity of the muon i, k
lead
T (k
subl
T ) the transverse momentum of the lead-
ing (sub-leading) muon, kµ3T the transverse momentum of a third muon, /ET the missing
transverse energy, and kjet1T and k
jet2
T are the transverse momenta of the two hardest jets.
dR =
√
(φ1 − φ2)2 + (η1 − η2)2, where φi is the azimuthal angle of µi, measures the dis-
tance between the two muons. On top of this, we apply b-tagging veto with efficiencies 75%
for kjetT ∈ {25− 30} GeV, 80% for kjetT ∈ {30− 40} GeV, and 85% for kjetT ∈ {40− 50} GeV
[87, 88]. A b-tagged jet is a shortcut for a jet containing hadrons deriving from the frag-
mentation of b-quarks (see, for instance, [89, 90] for the extra information on the adopted
procedure and efficiency).
With these cuts, the cross sections are given in Table 1. They report a good suppression
of the WWjj and ZZ backgrounds. Both WZ and ZZ processes can be substantially sup-
pressed by vetoing events containing a third muon. While the ZZ contribution practically
vanishes, we notice that the WZ background is still dominant with respect to the signal,
and the situation is similar for the tt¯. Let us note that the optimal phase-space region for
the measurement in the future era of LHC has to be found through more sophisticated
methods of multivariate analysis performed by the experimental collaboration. For the
purpose of this paper, we assume that such a dedicated analysis will significantly improve
the background suppression. A naive application of a forest of decision trees is capable of
performing the suppression of the WZ and tt¯ background while leaving the signal almost
unchanged, see Section 6.
We now show a selection of distributions of kinematical variables at the level of Final
Selection. These variables (among others) have the potential to discriminate signal from
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σ [fb]
DPS W+W+ 0.48 - 0.51
W+W+jj 0.03
W+Z 1.77
ZZ 0.00
tt¯ 2.46
Table 1: Signal and background cross sections in fb for the production of two positively
charged muons for the Final Selection (5.1). The signal cross section depends on the cor-
relation scenario and varies ±3% around 0.495 fb.
background in the decision tree diagnostics. All the plots contain in their bottom part the
distribution of the ratio of signal over signal plus background (S/S+B), to show where the
signal process is more significant. For simplicity, we show only min-corr signal scenario in
the figures, since here we focus on the main differences between signal and background,
which are larger than the differences among the correlation models.
The various signal distributions are compared in Section 6. The distributions of trans-
verse momenta of the leading and sub-leading muons can be seen in Fig. 7 and their rapidity
in Fig. 8. The two peaks of the signal in Fig. 7 greatly help suppress the background con-
tributions. Especially the tt¯ process is suppressed to a large extent by the lower threshold
on transverse momentum of the sub-leading muon. Unlike the transverse momenta, the
rapidity of signal muons slightly rises at the edges of the acceptance, see Fig. 8, and, there-
fore, we loose lots of signal events due to the detector acceptance limits. The behavior of
Underlying Event for the studied processes is indicated in Fig. 9, where the distributions
of the leading jet transverse momentum and missing transverse energy is depicted. For the
leading jet, we can see a non-negligible contribution from the signal, though sharply falling
down. At the first sight, the cut on 50 GeV is a good trade-off for signal purity. How-
ever, we do not want to decrease the jet cuts too much (even if experimentally possible)
to keep the sizable amount of signal events containing also low-pT Underlying Event jets.
In particular, we have found that the cuts on transverse momenta of Underlying Event
jets effectively remove the WWjj background. Regarding the missing transverse energy,
we point out that it falls down quicker for the WZ process than for the signal one and
becomes highly suppressed above 70 GeV. This might be used if the higher signal purity
is desired. Fig. 10 shows the distributions of the transverse mass of the muon pair and
the scalar sum of the muon transverse momenta, which have only limited discrimination
power individually. However, further multivariate analysis could combine many distribu-
tions with similar characteristics to substantially separate the signal. Fig. 11 depicts two
ways how to combine the muon rapidities into observables sensitive to correlations: their
product (η1η2) and their ordered ratio (ηlead/ηsubl). One can observe more peaked back-
ground distributions with significant asymmetries, a pattern that can additionally aid the
separation.
We include all the results for the Final Selection in Table 2, which can finally be
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Figure 9: An example of usage of Underlying Event for signal-background discrimination:
(a) the distribution of transverse momentum of the leading jet and (b) the distribution of
the missing transverse energy in the event.
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Figure 10: An example of di-muon characteristics for signal-background discrimination:
(a) the distribution of transverse mass of the muon pair and (b) the distribution of scalar
sum of transverse momenta of the two muons.
thoroughly discussed. The first column contains the four variables especially suitable for
quantifying the effects of parton correlations, as described in Section 4. For each variable,
we report the results at the parton level (selection Baseline PL) and hadron level (selections
Baseline HL and Final HL).
We can see that moving from the looser to the more restrictive cuts reduces signif-
icantly the differences among the models, but there is still a good chance to distinguish
them. For instance, the original maximal asymmetry A obtained for mix-pol model is 0.12
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Figure 11: The distributions based on muon rapidity has the highest signal-background
discriminant power. Here, (a) shows the distribution of the product of the muon rapidities
and (b) shows the ordered ratio of them, i.e. leading muon η over the sub-leading muon η.
Variable Selection H7 H7 mix min-corr long-corr pos-pol mix-pol
A
Baseline PL 0.012 0.000 0.001 0.011 -0.054 0.121
Baseline HL 0.011 0.000 0.002 0.010 -0.051 0.115
Final HL 0.009 -0.001 0.002 0.004 -0.036 0.073
Slin(Ση)
Baseline PL -0.088 -0.083 -0.081 -0.086 -0.069 -0.110
Baseline HL -0.089 -0.084 -0.082 -0.087 -0.071 -0.109
Final HL -0.045 -0.044 -0.040 -0.043 -0.038 -0.045
Slin(∆η)
Baseline PL -0.084 -0.084 -0.081 -0.082 -0.091 -0.060
Baseline HL -0.085 -0.084 -0.082 -0.083 -0.091 -0.063
Final HL -0.045 -0.044 -0.040 -0.042 -0.040 -0.041
Slin(Ση/∆η)
Baseline PL -0.016 0.001 -0.001 -0.014 0.075 -0.170
Baseline HL -0.015 0.001 -0.001 -0.014 0.072 -0.165
Final HL -0.014 0.001 -0.003 -0.009 0.069 -0.140
Table 2: Results for the rapidity asymmetry A and slopes of linear fit to three correlation
sensitive observables. All three event selections are shown for all four observables to compare
its evolution through the considered steps: transition from parton level (PL) to hadron level
(HL) and transition to restrictive cuts labeled as Final Selection.
(at PL as well at HL), while for the Final Selection it is only 0.07, i.e. it is reduced to 63%
of the original value. The asymmetries for other scenarios are reduced to 40% (long-corr
model) and to 71% (pos-pol model). One should note that the final cuts do not produce
any artificial asymmetry and that the models with minimal correlations still produce negli-
gibly small asymmetry A, namely 0.002 for min-corr model, caused primarily by statistical
fluctuations. The Slin(Ση/∆η) is actually also very promising, as it remains almost zero
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for the min-corr model and changes its value only for the other models to 65-95% with
respect to the Baseline HL selection. The other two slopes, Slin(Ση) and Slin(∆η) have
limited discriminating power, since they directly depend on the actual uncertainties of the
experimental data. Their absolute values drop to almost a half due to the total cross sec-
tion reduction. If we calculate the relative differences between the most different models
(min-corr and mix-pol), for the Slin(Ση) we get 0.33 for Baseline HL selection and 0.13
for the Final HL (i.e. the drop is even larger than by half). For the Slin(∆η) slope the
analogous relative differences decrease even more, from 0.23 to 0.03.
6 Measuring correlations in DPS
Now we examine in details how to measure correlations between the two partons inside a
proton through the DPS cross section.
When not explicitly stated otherwise, the results in this section are for our Final Se-
lection (5.1) and the values for the total cross sections are in Table 1. The two remaining
relevant backgrounds are the WZ and tt¯, which we now discuss separately. There are spe-
cific techniques to suppress both of these backgrounds which require dedicated work in
connection with performing the measurements. A detailed examination of all these possi-
bilities lies outside the scope of this work and we limit ourselves to explain the path towards
this objective.
For tt¯, demanding tight isolation of the produced muons is a very strong discriminant to
separate prompt muons from muons produced by meson decays. Using vertex localization
to further discriminate between these two cases can additionally aid the separation, and
improvements on b-tagging can also help [91–93]. Based on our investigations we assume
that this type of discrimination, in combination with data driven subtractions, can reduce
the top background to 1% of the cross section in Table 1, with only a minor impact on the
signal. For example, we could reduce the tt¯ background by more than 95%, keeping more
than 90% of the signal through crude muon isolation requirements (i.e. limiting the scalar
transverse momentum sum of particles in a cone around the muon).
As already announced, WZ background can be effectively suppressed through methods
of multivariate analysis. For instance, with a simple application of a forest of decision
trees, we could enhance the signal to background ratio to about 1, with a signal cross
section around 0.3 fb. We assume that a dedicated analysis could achieve a WZ background
suppression to a level of one third of the signal. The contribution of the remaining WZ
background to the asymmetry can be subtracted by theoretical calculations aided by data
driven methods. The WZ production is a relatively clean process theoretically and the
calculations for the total cross section have already been made with high precision [94, 95].
With this (close to) pure DPS sample, detailed studies of the different correlations can
be performed. In the following, we show the variables described in Section 4 at the hadron
level (HL) using the Final Selection, i.e. in the case of realistic measurements. Figures 12-15
discussed in this section correspond to Figures 2-5 of Section 4 related to the parton level
analysis. All the qualitative pictures discussed in Section 4 are still valid. Therefore, we
refer to the previous text for a thorough explanation of these variables.
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Figure 12: The 2D rapidity plane similar to Fig. 2, here with final-state muons (at
HL) and within the phase space (5.1). Top left: minimally correlated scenario. Top right:
longitudinal correlation. Bottom left: positive polarization. Bottom right: mix polarization.
The variables considered for the detection of parton correlations are based on combi-
nations of the two muon rapidities. The full pictures of the double differential cross sections
in the two muon rapidities (ηlead and ηsubl), for the different scenarios at HL, are shown
in Fig. 12. The corresponding plots are shown at PL in Fig. 2 but with a change of vari-
ables to η1 and η2. No correlations implies symmetries around zero rapidity for both of the
two rapidities, and this is also the case for the min-corr scenario of Fig. 12 (a). The cross
section reaches its maximum value when both of the two rapidities are around ±2. Once
correlations are introduced in long-corr, we can see how the symmetry between positive
and negative rapidities is broken and more muons are produced with rapidities of opposite
sign rather than with same sign. This is true also for mix-pol scenario and to a much larger
extent. In this case, the broken symmetry is clearly visible in Fig. 12 (d), where there is
almost twice as many muons produced in the peak region of opposite- compared to same-
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Figure 13: Upper panels: the distributions in the muon rapidity sum Ση (a) and difference
∆η (b) for the different models with the ratio to the min-pol result. Lower panels: the
distributions in the correlation sensitive cross section ratio (c) and rapidity product (d).
In absence of correlations, the cross section ratio is constant while the rapidity product is
symmetric around the origin. Distributions are analogous to those in Fig. 3, here with HL
muons within the phase space (5.1).
sign rapidity. In the pos-pol scenario in Fig. 12 (c), there is instead an abundance of muons
created with same-sign rapidities.
It is important to be careful with the choice of phase-space cuts for the event selection
when reading off correlation effects from the rapidity distributions. For instance, a cut on
the invariant mass of the final-state muons creates an artificial imbalance in the distribu-
tions. Such a selection was used when discussing correlations in [2], where the kinematical
cuts used by the CMS collaboration [29] were adopted.
Our golden variable to measure correlations is the asymmetry A and, in its less inclusive
version, the distribution of the rapidity product, previously explored in studies of SSW
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|ηi| > 0.0 > 0.3 > 0.6 > 0.9 > 1.2
Amin-corr 0.00 0.00 0.00 0.00 0.00
σmin-corr [fb] 0.48 0.37 0.28 0.20 0.13
Along-corr 0.00 0.01 0.01 0.01 0.01
σlong-corr [fb] 0.50 0.39 0.29 0.21 0.14
Apos-pol -0.04 -0.05 -0.05 -0.06 -0.07
σpos-pol [fb] 0.47 0.37 0.28 0.20 0.13
Amix-pol 0.07 0.09 0.11 0.14 0.16
σmix-pol [fb] 0.51 0.39 0.29 0.20 0.13
Table 3: Asymmetries and DPS cross sections for different cuts on the rapiditiy of the
individual muons. The larger part of the central detector is removed, the higher values of
asymmetry can be reached.
production in DPS, see e.g. [2, 8]. The cross section differential in the rapidity product
is shown in Fig. 13(d), to be compared with Fig. 3(d). The shape dependence of this
variable on the correlation scenario remains. From the integration over the η1η2 range in
Fig. 13(d), separately for positive and negative η1η2, we have constructed the asymmetry
A of eq. (4.3). As extensively stressed earlier, these two cross sections have to be exactly
equal in absence of correlations. A non-zero measurement of this variable would be a
direct indication of correlations. The results for this asymmetry in the mix-pol scenario
using the Final Selection have already been presented in [70]. Both the polarized scenarios
produce clear asymmetries, although of opposite sign, see again Table 2. The asymmetry
for min-corr is zero and for long-corr close to zero. The inclusive nature of this variable,
in combination with the quite large asymmetries generated by the models of polarization,
makes it a promising candidate for first measurements of spin correlations between two
partons inside a proton. It is important, however, to keep in mind that even a precise
measurement of a zero asymmetry would be interesting, as it would put severe limits on
the correlations and on models for DPDs.
By imposing additional cuts on the rapidities of the two muons, it is possible to in-
crease the asymmetry further, at the price of reducing the size of the cross section. In
particular, cutting out the central rapidity regions increases A. This is demonstrated for
the different scenarios in Table 3. The optimal trade-off between increasing the asymme-
try and decreasing the cross section should be investigated in detail when performing the
measurement. The asymmetry could be further enhanced, for instance by including smaller
transverse muon momenta. In addition, we have found that even the simple decision tree
analysis, which was performed to explore the potential power of a multivariate analysis to
suppress the WZ background, naturally causes a small enhancement of the asymmetry as
a by-product. A full fledged statistical analysis of this kind can simultaneously enhance the
signal to background ratio and optimize the asymmetry. In Section 6.1 we discuss in more
detail the actual feasibility of this measurement at the LHC.
Here, we would like to note that a large asymmetry A was found in [62], due to
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longitudinal correlations and splitting contributions to DPS. However, the comparison must
be done with care. In particular, the phase-space cuts on rapidity have a very large impact
on the asymmetry. Further, cuts to suppress the single parton scattering contribution to
the SSW production will reduce also the DPS splitting case. In any case, the result remains
interesting in its own right, and the effects could combine to increase the asymmetry further.
The cross section distribution in the sum Ση and the difference ∆η of the muon rapidi-
ties for our four scenarios are given in the two upper plots of Fig. 13, to be compared to Fig.
3. From these two variables, we have constructed the bin-by-bin ratio (dσ/dΣη)/(dσ/d∆η),
which we show in Fig. 13 (c). The shape differences described earlier in the text of Section
4 are all still clearly visible for the polarized distributions, thus correlations are not washed
out. The distributions in the sum (difference) of rapidity, as well as their slopes, are sensi-
tive to the details of the unpolarized DPS cross section. This makes them less suitable for
measuring correlations. However, the ratio, Slin(Ση/∆η), related to the slope of the curves
in Fig. 13(c), remains a very promising variable to look at to constrain the size of parton
correlation in DPS.
The last remaining variable we discuss, in which the effects of correlations are visible, is
the rapidity dependence on one of the muons in different rapidity slices of the other muon.
This is shown in Fig. 14, to be compared to Fig. 4. One needs to bare in mind that, when
dealing with distributions involving the rapidity of one single muon, we need to move from
the identification of µ1 and µ2 (muon coming from the first and the second hard scattering)
to the labeling µlead and µsubl (the two hardest muons reaching the detector). Therefore,
there is the need for showing the distributions of both ηlead and ηsubl in Fig. 14, since they
are not equal. The uncorrelated scenario still has the same shape regardless of the rapidity
slice, and this behavior is observed through the min-corr scenario in Fig. 14 (a). The long-
corr scenario shows some minor dependence, but is similar to min-corr. Once again, the
two polarized scenarios lead to large correlation effects in opposite directions, as shown in
Fig. 14 (c) for the pos-pol model and (d) for mix-pol. From this type of rapidity slicing we
constructed the differential asymmetry in (4.3). The results for dAS/dηB is shown in Fig.
15, to be compared with Fig. 5. Also for this variable, the min-corr and long-corr show
results similar to the uncorrelated (which equals zero), while the two polarized models
produce sizable differences.
6.1 Significance of correlation measurements
We now try to quantify the sensitivity of ATLAS and/or CMS to the measurement of the
asymmetry A, defined in (4.2). To this end, we assess how large significance can be reached
with respect to the measurement of exact zero.
Based on our discussion above, we assume that the 0.29 fb cross section with A = 0.11
(result from Table 3) can be reached with the (improved) signal to background ratio S/B =
3 (WZ background), and that the contribution of the remaining WZ background to the
asymmetry can be subtracted by a precise theoretical calculation, on which we assume a
further 10% uncertainty.
Let us assume a Poissonian uncertainty on the number of DPS events with the two
muons in the same/opposite hemisphere. Corresponding Gaussian distributions of the sig-
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nal cross sections in the two hemispheres then represent statistical fluctuations, and we use
them to test how many standard deviations the measured asymmetry differs from zero. In
order to estimate the effect of our assumptions on the size of the background, we add a
scaling parameter b to the uncertainty calculation for the number of events per hemisphere
(after the background subtraction)
∆N =
√
[NWW + b(NWZ +Ntop)] + (b∆N theo.WZ )
2, (6.1)
where NX is the number of events from process X, and ∆N
theo.
WZ is the theoretical uncer-
tainty on the subtraction. Fig. 16 shows the significance of a measurement as a function
of the integrated luminosity. Here, the central predictions (b = 1) are drawn as solid lines,
while the colored uncertainty bands are created by variating the parameter b between
1/2 and 2, to indicate the sensitivity of our predictions on the totality of the background
assumptions.
Through an experimental measurement in the µ+µ+ channel alone, a more than 2-
sigma indication can be obtained with the full integrated luminosity of 3000 fb−1 of the
high-luminosity LHC (HL-LHC) [96]. A detailed investigation of the background processes
corresponding to one or both muons replaced by electrons is beyond the scope of this
article. Under the assumption that a similar sensitivity can be achieved, the DPS signals
are equal and, therefore, effectively enhanced by a factor of 4 including all combinations of
positively charged muons and electrons (µ+µ+, e+µ+, and e+e+). The integrated luminosity
necessary to measure the asymmetry then significantly decreases, as shown in Fig. 16. In
particular, 400 fb−1 would give a 2-sigma hint, 1500 fb−1 a more than 3-sigma observation
and the full integrated luminosity would lead to a measurement approaching 5-sigma.
Fig. 16 additionally demonstrates how the significance of a measurement would be affected
by a change to the absolute magnitude of the DPS cross section (changed by a factor of
3/4 or 3/2) and to a change of the asymmetry itself (changed by a factor of 0.8 or 1.2).
In addition, a combined measurement by CMS and ATLAS as well as including negatively
charged leptons would further increase the sensitivity of the measurement. This implies
that first indications of spin correlations can be possibly seen even before the start of the
high-luminosity LHC.
It is further possible to ask when experimental measurements could start to discrim-
inate between the range of models for DPSs. In order to give an indication of this, we
can compare the hypothetically measured asymmetry in the mix-pol scenario to the value
obtained in the pos-pol scenario. This means repeating the exercise above but counting
the number of standard deviations away from the pos-pol value −0.05 (instead of zero).
The results, central values only, are shown in Fig. 16(b). A 3-sigma discrimination is pos-
sible with the µ+µ+ channel alone. The combined lepton flavor measurement could reach
3-sigma with about 600 fb−1 and 5-sigma with around 2000 fb−1.
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Figure 14: Double-differential distributions in rapidity of one of the muons (left: leading
muon, right: subleading muon), for different ranges of the second muon rapidity separately
for each correlation scenario, as indicated in the figures. Plots are similar to those in Fig.
4, here with HL muons within the phase space (5.1).
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Figure 15: The asymmetry constructed from the rapidity slicing as defined in (4.3),
similar analogous to Fig. 5, as a function of leading muon rapidity (left) or subleading
muon rapidity (right). Here with HL muons within the phase space (5.1).
(a) (b)
Figure 16: (a) Estimate of the significance of the asymmetry of 0.11 from zero for a signal
cross section of 0.29 fb, as the distance in standard deviations. Blue line/band corresponds
to µ+µ+ only while the red line/band includes all positively charged combinations of two
light leptons (e+ and µ+). Dashed curves show the sensitivity of the central red curve
to changes of the asymmetry by 20% (orange dashed curves) and the magnitude of the
DPS cross section by a factor of 3/2 or 3/4 (green dashed curves). (b) Estimate of the
significance of the asymmetry of 0.11 from the pos-pol value of -0.05. Blue line corresponds
to µ+µ+ only while the red line includes all positively charged combinations of two light
leptons (e+ and µ+).
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DPS W+W+ [fb] σeff [mb]
Scenario 1 0.59 12.2
Scenario 2 0.44 16.4
Table 4: Extracted DPS cross sections from template fits. Scenario 1 (Scenario 2) generates
data based on correlated (uncorrelated) DPS and extracts the signal assuming uncorrelated
(correlated) DPS. We also give the value for the effective cross section in the two scenarios
(based on a σeff = 15 mb used in the main analysis).
7 Impact of correlations on extracted DPS yield
The extractions of the DPS cross section in experiments [14–35] are usually based on
fitting signal and background templates to data. The templates for the DPS signal are
typically obtained from Monte Carlo generators or from data-driven methods assuming
no-correlations, i.e. combining the measured differential cross sections for the individual
subprocesses. Here, we explore the impact of parton correlations on attempts to extract the
cross section for double parton scattering. In other words, we try to quantify the naivety
of the no-correlation assumption.
The template fits (or multivariate analyses), used for DPS cross section measurement
by collaborations, deal with many observables. However, to illustrate the potential prob-
lems, we restrict ourselves to a single distribution, namely the product of muon rapidities.
This was one of the variables in the multivariate analysis of [35]. With the event selec-
tion (5.1), we generate data based on the sum of DPS WW signal (for both min-corr and
mix-pol correlation models) as well as tt¯ and WZ backgrounds. We then make a simple
template fit, to extract the size of the DPS signal in the form of
σtot = aσDPS + bσWZ + cσtt¯, (7.1)
where the parameter a provides the (relative) size of the DPS contribution to the cross
section, and the parameters b and c scale the size of the respective backgrounds. We first
generate pseudo-data based on the correlated (mix-pol) DPS model (Scenario 1) and then
make the extraction based on the uncorrelated (min-corr) model. The result for the pa-
rameters of the fit is: a = 1.23, b = 0.97 and c = 0.99. This translates to a DPS fraction
in the data sample fDPS = 12%, where σ
tot = 4.74 fb. If we instead generate data based
on the min-corr DPS model (Scenario 2) and make the cross section extraction based on
the mix-pol DPS model, we obtain a = 0.86, b = 1.03, c = 0.99. This corresponds to DPS
fraction fDPS = 9%, where σ
tot = 4.71 fb. We thus see a difference of 0.15 fb in the size
of the extracted DPS cross section, i.e. a difference of 30%. The corresponding values for
the fiducial cross sections in the two scenarios, as well as the corresponding values for an
extracted σeff are shown in Table 4.
The fitted templates for the two scenarios and the comparison of the extracted DPS
distributions are shown in Fig. 17. The 30% span of the DPS production cross section found
by our simple treatment illustrates the danger in using correlation sensitive variables in
the template fits. The difference is equivalent to the variation of σeff by 30%.
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Figure 17: Results of the template fits. Left: scenario 1: min-corr model fitted to data with
mix-pol DPS contribution. Middle: scenario 2: mix-pol model fitted to data with min-corr
DPS contribution. Right: the extracted DPS signals in the two scenarios (S1 and S2).
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8 Conclusions
We have demonstrated that the LHC has the potential to discover correlations between
two partons inside a single proton. We have shown a path towards this discovery in double
same-sign W-boson production, including a detailed treatment of signal and background
processes.
Double parton scattering has undergone a staggering development in the last decade.
The advances in theory, phenomenology, and experiments offer a realistic opportunities for
measurements of quantum correlations between two proton constituents. While most past
measurements of DPS have relied on the assumption that partonic correlations in DPS are
not quantitatively impactful, the integrated luminosity collected at the LHC now starts to
enable detailed tests of the properties of DPS.
We have examined the impact that correlations between the spin of two partons, and
between their momenta, can have on the cross section of the SSW process. In particular, we
have provided the analysis of four models of parton correlations, essentially extending the
study on spin correlations of [70] and reinforcing the conclusions drawn therein. To isolate
and measure these correlations, we have identified a handful of promising variables, some
of which have a clear benchmark value for uncorrelated DPS. Therefore, any measured
deviations from the uncorrelated values can be directly related to interparton correlations.
A detailed study of the single parton scattering background processes has allowed us to
closely examine how to maximize the purity of the signal, which is essential for measuring
correlations, while, at the same time, keeping a large enough cross section to have sufficient
statistical power. As a result, we have estimated the integrated luminosity necessary for
experiments to start probing correlations in DPS. We have shown the dependence of the
estimate on the absolute size of the DPS cross section as well as the exact amount of
correlations.
The asymmetry between the number of outgoing leptons from the W-boson decays
which end up in the same vs opposite hemispheres is one of the most promising variables.
Likewise, several additional variables, such as bin-by-bin ratios of cross section, plotted
against the sum (difference) of muon rapidities, and the corresponding linear slope, show
promise. The signatures of correlations in these variables have been demonstrated to survive
after background removal and phase-space reductions. We have further found that, although
correlations between longitudinal momenta also affect the same distributions, the main
suspect for creating large correlations in this process is the spin of the partons. Because of
the differences in angular momentum between different quark helicities, polarization has
a direct and calculable impact on the hard partonic cross sections. The high-luminosity
program HL-LHC will be able to deliver more precise information about the impact of
correlations in the SSW process [97]. Nonetheless, the LHC in its current set-up would
already have the potential to put restrictions on the models we have presented and would
be able to start discriminating between presence and absence of correlations in SSW.
First experimental measurements of correlations between two partons inside the pro-
ton are still to come. Phenomenological studies are therefore relying on models to make
predictions about the correlations, and until experimentally confirmed, their exact size
– 31 –
is uncertain. It is ultimately important to realize that even a null result of a correlation
measurement would be an important step towards a better understanding of DPS and the
distributions of two quarks or gluons inside the proton.
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A Coupling factors
The coupling factors that enter the cross section formula of eq. (2.2) are derived in [71].
Since the leptons are the result of the decay of a W+ boson with mass M and width ΓW ,
we introduced the factors Kqiq¯j given by:
Kqiq¯j =
α2
4Nc
|Vqiqj |2
(2 sin θw)4
q2i
(q2i −m2W )2 +m2WΓ2W
, (eqi − eqj = 1), (A.1)
where Nc = 3 is the number of colors, Vqiqj a CKM matrix element, θw the weak mixing
angle, α the electromagnetic fine structure constant and eqi the charge of quark qi [98].
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